Abstract: In this study, a new α-glucosidase gene from Thermoanaerobacter ethanolicus JW200 was cloned and expressed in Escherichia coli by a novel heat-shock vector pHsh. The recombinant α-glucosidase exhibited its maximum hydrolytic activity at 70
Introduction
Isomaltooligosaccharide is an α-1,6-linked glucooligosaccharide with degrees of polymerization ranging from 2 to 6 in the case of commercial products (Crittenden & Playne 1996; Chung 2006) . Generally, together with high levels of butyrate formation, isomaltooligosaccharide is a promising dietary constituent that gives rise to prebiotic effect. With increasing public perception against oligosaccharides, the production processes for oligosaccharides have attracted strong commercial interest (Hasler 1992; Olano-Martin et al. 2000) .
Although the biosynthesis of oligosaccharides in vivo is performed by glycosyltransferases (EC 2.4.) (Ichikawa et al. 1992) , many glycosidases (EC 3.2.) can also be used for synthesis of glycosidic bondsin vitro. α-Glucosidases (EC 3.2.1.20) constitute a group of exo-acting glycoside hydrolases of diverse specificity that catalyze the release of α-D-glucose from the nonreducing end of α-linked substrates and are widely distributed among microorganisms, plants, and mammals (Chiba 1997) . Many α-glucosidases also catalyze the transglycosylation reaction besides hydrolysis activity. For example, the α-glucosidase from Aspergillus niger converted maltose into isomaltose and panose (Duan et al. 1995) and that from Xantophyllomyces dendrorhous yielded a final product enriched in trisaccharides and tetrasaccharides (Lucia et al. 2007 ). This transglycosylation activity has been applied in the industrial production of isomaltooligodaccharides (Crittenden & Playne 1996) and in improving the chemical properties by conjugating sugar residues (Murase et al. 1997; Prodanovic et al. 2005) .
Thermoanaerobacter ethanolicus JW200, a Grampositive anaerobic thermophile, was found to degrade a wide range of polysaccharides and soluble carbohydrates including starch, dextrins and maltose (Wiegel et al. 1983) . These characteristics indicate that T. ethanolicus JW200 possesses a complete set of amylolytic enzymes which may have high temperature stability. However, the reports regarding cloning and characterization of α-glucosidase genes from Thermoanaerobacter sp. are seldom available. In this work, the cloning and expression of a new α-glucosidase gene from T. ethanolicus JW200 in Escherichia coli by a novel heat-shock vector pHsh (Shao et al. 2006 ) is reported, and the transglycosylation activity of the recombinant enzyme is also investigated.
Material and methods
Microbial strains and growth media T. ethanolicus JW200 was grown anaerobically in an 8 g/L glucose medium as described previously (Wiegel & Ljungdahl 1981) . The novel expression plasmid pHsh, constructed 1054 Y.-H. Wang et al.
by our laboratory (Shao et al, 2006) , was employed for expressing the α-glucosidase.
In the expression experiments, the E. coli cells were routinely grown aerobically in Luria-Bertani medium under 37
• C and rotary shaking rate of 200 rpm. Ampicillin was used at a final concentration of 100 µg/mL. Cells growth was monitored by measuring the optical density at 600 nm (OD600).
DNA manipulation
Plasmid DNA and PCR products were purified using Qiagen plasmid kit and PCR purification kit (Qiagen, USA). DNA transformation was performed by using GenePulser (BioRad, Richmond, USA). DNA restriction and modification enzymes were purchased from Takara Co. (Japan).
Molecular cloning of the α-glucosidase gene
The α-glucosidase gene from T. ethanolicus JW200 cannot be amplified with the primers based on the reported sequence of α-glucosidase from T. ethanolicus X514 (GenBank: ZP 01455157). Therefore, according to the conserved sequences in the flanking genes of the α-glucosidase from T. ethanolicus X514, a pair of primers were designed as follows: 5'-CCTTATAAGAAGGACAC-3' and 5'-GGATGACTCCTTAGAAC-3'. The amplified PCR fragment, which contains the complete gene of α-glucosidase, was cloned into pMD19T for sequencing.
For expression of the α-glucosidase gene from T. ethanolicus JW200, two primers (5'-CTTATCAAAAAAC ATCGGAA-3', and 5'-CCCCTGCAGTTACAATTCAATT TCACAA-3' with PstI recognition sequences incorporated) were used to amplify the entire gene from genomic DNA of the strain by PCR. After PstI digestion, the fragment was inserted into the StuI/PstI sites of vector pHsh to construct the recombinant plasmid pHsh-α-glucosidase that was then introduced into E. coli JM109 for expression of the recombinant α-glucosidase.
Nucleotide sequence accession number
The α-glucosidase nucleotide sequence data has been submitted to the GenBank (Benson et al. 2009 ) database under the accession number EF635970.
Expression and purification of the recombinant enzyme
The recombinant E. coli JM109 was incubated in LuriaBertani medium under 30
• C and 200 rpm until OD600 reached 0.8; then enzyme expression was induced by shifting temperature to 42
• C rapidly. The incubation continued for another 4 h, then the cells from 1,800 mL were collected by centrifugation, re-suspended in 20 mM Tris/HCl buffer (pH 7.5), and disrupted by a French-pressure Cell (Bioritech). The cell extracts were heat-treated for 10 min at 70
• C, and then cooled down in an ice bath, followed by a centrifugation under 9,600×g and 4
• C for 30 min. The resulting supernatant was loaded onto a DEAE-Sephacel column (2.5 × 30 cm) pre-equilibrated with the Tris/HCl buffer (20 mM Tris, pH 7.5), and the bound protein was eluted with a linear gradient of 0.1∼0.4 M NaCl in the same buffer. With the same buffer, the pooled sample was further loaded onto a gel filtration column (Toyopearl HW-55F, 2.5 × 80 cm) to obtain the purified protein.
Enzyme assay
The hydrolytic activity of α-glucosidase was determined by assaying the amount of p-nitrophenol (pNP) released from the substrate p-nitrophenyl-α-D-glucoside (pNPG) (Sigma). The reaction mixture (200 µL) contained 5 mM pNPG, 50 mM potassium hydrogen phthalate-imidazole (pH 5.5), and appropriately diluted enzyme. The reaction was performed at 70
• C for 5 min and terminated by addition of 600 µL 1.0 M Na2CO3. The pNP liberated was measured at 410 nm. One unit (1 U) of enzyme activity was defined as the amount of the enzyme producing 1 µmol pNP per min, and specific activity was defined as units per mg protein. When maltose, maltooligosaccharides and soluble starch were used as substrates, the enzyme activity was expressed as the amount of glucose generated using a Glucose B Test kit (Wako Pure Chemical). Protein concentrations were determined by the Bradford method using bovine serum albumin as standard.
Transglycosylation reaction
The reaction mixture (1 mL) contained 50 mM potassium hydrogen phthalate-imidazole (pH 5.5), 400 mg maltose and 50 µL enzyme solution (to reach the enzyme activity of 0.05 mg/mL). The mixtures were incubated at 65
• C with different time and then terminated by heating in boiling water for 5 min. The samples were filtered with a 0.45 µm membrane, and analyzed by HPLC.
HPLC analysis of transglycosylation products
The concentration of the reaction products were analyzed by HPLC (Waters 600) on a Hypersil APS-1 NH2-column with a solvent system of acetonitrile-water (7:3, v/v) as a mobile phase, and were detected by a refractive-index detector (Waters Co., USA). The column temperature was kept at 30
• C. Glucose, maltose, isomaltose, maltotriose, panose and isomaltotriose were used as standards.
Results and discussion
Cloning, expression and purification of α-glucosidase from E. coli With the genomic DNA of T. ethanolicus JW200 as a template, the open reading frame (2,260 bp) coding α-glucosidase was isolated and amplified according to the protocol described in the Materials and methods section. The aimed gene used TTG and TAA as start and end codon, respectively. Furthermore, the amino acid sequence of α-glucosidase from T. ethanolicus JW200 showed 92% identity with the corresponding enzymes from T. ethanolicus 39E and T. ethanolicus X514. This result strongly suggested that the enzyme belongs to the glycoside hydrolase family 31 (Henrissat 1991) .
In our previous study, the pHsh vector was constructed and the expression of foreign genes was regulated by a temperature sensitive sigma factor, σ 32 of E. coli (Shao et al. 2006) . Many enzymes had been expressed successfully with the heat-shock vector without isopropyl-β-D-1-thiogalactopyranoside (Shao et al. 2006; Wu et al. 2008; Yin et al. 2008) . By using the temperature sensitive vector pHsh, the target gene was successfully expressed in E. coli JM109. Presented with 100 µg/mL amplicillin in Luria-Bertani medium, the recombinant strain grew to 0.8 (OD 600 ) at 30 of the target enzyme. The recombinant α-glucosidase was further purified by a simple three-step procedure involving heat-treatment, DEAE-Sephacel and gel filtration chromatography (Table 1) .
Biochemical characterization of the recombinant α-glucosidase
The characterization of the purified α-glucosidase was carefully investigated and identified. The pH range of the highest activity and stability were 5∼5.5 and pH 5.0-7.0, respectively. The optimal temperature for the α-glucosidase activity was 70
• C, and 80% of the enzyme activity could remain for 40 h at 65
• C (Fig. 1) . It was found that metal ions are not required to activate the α-glucosidase, which could be confirmed by the fact that the enzyme is not inhibited by EDTA, which usually decreases metaloenzyme activity. A 0.12 µg α-glucosidase was incubated with each reagent for 20 min (pH 7.4, 70 ions. In contrast, an enhancement of the enzyme activity was detected by Triton-X100 (0.05%, w/v). The recombinant α-glucosidase had a specific activity of 28 U/mg with pNPG as the substrate at pH 5.0 and 70
• C. Under these conditions, K m and V max of the purified enzyme were determined as 1.72 mM and 39 U/mg, respectively. No activity was detected with pNP-β-D-glucopyranoside, pNP-α-D-xylopyranoside, pNP-β-D-xylopyranoside and soluble starch as substrate. However, the enzyme could hydrolyze pNP-α-D-glucopyranoside, as well as the α-1,4-and α-1,6-glucosidic linkages in oligosaccharides (Table 2). The activity without a reagent was taken as 100% (activity = 27 U/mg). The variation about the mean was below 5%. Fig. 2 . HPLC of reaction products formed after transglucosylation of maltose (40%) by the recombinant α-glucosidase. Details of reaction conditions are described in Materials and methods. 1, glucose; 2, maltose; 3, isomaltose; 4, maltotriose; 5, panose; 6, isomaltotriose; 7 and 8, tetrasaccharides.
Transglycosylation activity of the recombinant α-glucosidase Many reports have shown that the complex oligosaccharides could be synthesized by the transglycosylation of α-glucosidases using maltose as the sugar acceptor/donor (Hung et al. 2005; Giannesi et al. 2006) .
In order to explore the transglycosylation action of this recombinant enzyme, the products were determined by HPLC with 400 g/L maltose as the glucosyl donor activity (Fig. 2) . It was found that: (i) a series of transglycosylation products, such as glucose, isomaltose, maltotriose, panose, isomaltotriose and tetrasaccharides were detected at the beginning of the transglycosylation reaction; (ii) among them, isomaltose and panose represent dominant amount and only small amount of isomaltotriose and tetrasaccharides were detected during the reaction; (iii) panose was formed in the initial phase of the reaction, and then its content gradually decreased, but the content of glucose and isomaltose was gradually increased; (iv) it was detected that panose, isomaltose and maltotriose were gradually hydrolyzed before 14 h, and after 10 h more than 90% maltose was consumed, and about 42% maltose was converted to isomaltose, panose and isomaltotriose.
The specific transglycosylation reaction of the recombinant α-glucosidase The effect of maltose concentration (200, 300 and 400 g/L) on the transglycosylation activity was also carefully investigated. When 200 g/L maltose presented in the reaction solution, about 60% was hydrolyzed to glucose (data not shown). However, when 300 g/L and 400 g/L maltose was used, the maltose concentration did not cause an obvious improvement in the percentage of transglycosylation products; about 52% of maltose was converted to transglycosylation products, 83% of which was found to be isomaltose, panose and isomaltotriose. As described previously (Chiba 1997) , the glucosyl residue is replaced by a proton from H 2 O or an acceptor, namely an exchange reaction between the glucosyl residue and the proton in both hydrolysis and transglycosylation. Various α-glucosidases can transfer glucosyl groups to 6-OH of the acceptor to synthesize isomaltose and panose, or to other hydroxyl groups (2-OH, 3-OH, 4-OH), such as the α-glucosidase from Paecilomyces lilacinus (Kobayashi et al. 2003) . In this study, with 400 g/L maltose and 0.05 mg/mL recombinant α-glucosidase presented at the reaction solution, 42% maltose was transferred to isomaltose, panose and isomaltriose (about 168 g/L) after 10 h. The results strongly suggested that the recombinant α-glucosidase from T. ethanolicus JW200 was able to transfer glucosyl groups to the 4-OH and 6-OH of a glucose residue. Furthermore, the results were different from the α- glucosidases originated from other strains (Table 3) . With 300 g/L maltose as substrate, the main transglycosylation product of Aspergillus niger α-glucosidase was 30% (w/v) isomaltose (Duan et al. 1995) . The α-glucosidase from Bacillus stearothermophilus produced α-1, 3-, α-1,4-, and α-1,6 -glucosidic linkages to produce prebiotic oligosaccharides (Mala et al. 1999) . Interestingly, the α-glucosidase from Geobacillus sp. could glycosylate both maltose and non-sugar hydroxyl compounds, such as alkyl alcohols, antibiotics and phenolphthalein (Hung et al. 2005) .
To summarize, a new recombinant T. ethanolicus JW200 glycoside hydrolase family 31 α-glucosidase was successfully expressed in E. coli by using a heat-shock vector and its glycosyl hydrolase activity was carefully investigated. All results demonstrated that the recombinant α-glucosidase can produce a variety of transglycosylation products and exhibits a potential to be applied in the industry of prebiotic oligosaccharides.
